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Triplet repeat DNA expansion: a new mechanism that 
underlies many human inherited diseases 
Triplet repeat expansion diseases (TREDs) are regarde d as 
a unique family among inherited genetic disorders (Ashley & 
Warren, 1995). Typically, they are characterized by expansion 
of genetically unstable d(CTG.CAG), d(CCG-CGG) or d(GAA-TTC) 
triplet repeat sequences located within specific genes. The 
number of triplet repeats in disease-associated genes tends 
to increase in germline transm i ss ion from parent to 
offspring. The amplification continues in offspring of 
affected individuals, resulting in progress ively increased 
severi ty of the disease andlor an earlier age of onset, 
phenomena clinically referred to as "anticipation ". Members 
of the TRED family include Huntington's disease, fragile X 
syndrome and Friedreich's ataxia [for a review of the genetic 
and clinical features of TREDs, see Ashley & Warren (1995); 
Sutherland & Richards (1995); Timchenko & Caskey (1996)]. 
Usually, the larger the repeat number, the higher the 
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probability of expansion and the earlier age of onset and 
increased severity of the disease. Due to the high frequency 
with which the trinucleotide repeats associated with these 
diseases undergo further expansion in offspring of affected 
individuals, the mutation(s) responsible for this phenomenon 
ha s be en desc r ibed as "dynami c " ( Su ther land and Richards, 
1995) . 
Individuals with a fragile site at Xq27.3 develop mental 
retardation. Hence, this disease was coined "fragile X 
syndrome". In 1991, three groups of researchers independently 
reported a large amplifcation of d (CGG) n trinucleotide 
repeats as the cause of fragile X syndrome (Bell et al., 
1991; Vincent et al., 1991; Pierreti et al., 1991). Since 
then, at least ten other human inherited diseases have also 
been found associated with triplet repeat DNA expansion. Most 
of these diseases are neurological disorders caused by a 
d(CAG)n triplet expanded in the translated regions of their 
respective genes. 
Of all possible triplet repeat sequences, only three 
have been found to be associated with human disease; these 
are CGG/CCG, CAG/CTG, and GAA/TTC. Most trinucleotide repeats 
expanded in human genetic disorders occur in exons or 5' and 
3' untranslated regions (UTRs). Expansion of a simple tandem 
repeat wi thin an intron associated with a human genetic 
disorder was only found with GAA (Campuzano et al., 1996). 
{CGG)n and (CAG)n triplet repeats are found in close 
proximity to numerous gene loci (Riggins et al., 1992; Li et 
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al., 1993). The CGG repeats are res pons ible for one group o f 
fragile sites on 5' untranslated region of FMRl g en e of the X 
chromosomes and can expand to very high copy numbers, in 
excess of 1000 copies. Expansion of the d(CGG) repeat is 
accompanied by methylation of the FMRl promoter a nd of the 
amplified trinucleotide tract (Bell et al., 1991; Vincent et 
al 1991; Pierreti et al., 1991). Subsequent to d(CGG) 
expansion and hypermethylation, the FMRl gene becomes 
transcriptionally silent (Pierreti et al 1991; Hansen et a l., 
1992; Sutcliffe et al., 1992). The CAG repeats are involved 
in a number of neurological disorders. They can also expand 
to high copy numbers when in the untranslated region of a 
gene (as in myotonic dystrophy) but are mostly in coding 
regions where their copy number is usually less than 100. 
Expansion of (CAG)n in the corresponding gene usually does 
not cause inactivity of the gene, but result s in abb eran t 
translation products (Sutherland and Richar d s , 1995; Warren, 
1996) . 
Characteristics of Friedreich's ataxia 
Friedreich's ataxia (Friedreich, 1863), an autosomal 
recessive disease, was recently shown to be associated with 
expansion of an intronic GAA triplet repeat located in the 
frataxin gene (Campuzano et al., 1996). 
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Friedreich's ataxia is the most common e a r ly-onset 
hereditary ataxia, with an estimated preva l e nc e o f 1 in 
50,000 and a deduced carrier ranging from 1 in 110 to 1 in 70 
(Harding et al., 1982; Filla et al' f 1992). Fr iedreich' s 
ataxia is characterized by progressive ataxia wi th onset 
before adolescence, incoordination of limb movements, 
dysarthria, nystagmus, diminished or absent tendon reflex e s , 
Babinski sign, impai rment of position and vibratory senses, 
skeletal deformities, cardiomyopathy, and diabetes (Geoffroy 
et al., 1976). Friedreich's ataxia has a higher clinica l 
variability than expected in an autosomal recessive disorder , 
in particular concerning age at onset and presence of 
cardiomyopathy and diabetes (Filla et al., 1992). 
Campuzano et al. (1996) isolated the defective gene X25 
causing Friedreich's ataxia. They found X25 encodes a 210-
amino acid protein with unknown f unction calle d "frat axin lf • 
They also demonstrated reduction of fratax i n mRNA levels in 
Friedreich's ataxia patients. An expanded unstable d(GAA)n 
repeat is located in the X25 first intron on Fried reich' s 
ataxia chromosomes. In normal individual s the n umbe r o f 
repeats varies from 7 to 22, whereas Friedreich's ata xia 
patients carry 200 to above 900 GAA repeats. In addition, 
three rare point mutations have been described, especially an 
amino acid change (isoleucine to phenylalanine at point 154, 
1154F) found in X25 exon 4 in southern Italian patients 
(Campuzano et al., 1996; Filla, et aI, 1996). 
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Recently, Carvajal et al. r eporte d tha t the ' STM7 g e n e 
rather than X25 is the candidate f or Friedreich' s ataxi a 
(Carvajal et al" 1996). They demons trated that X25 comprises 
part of the STM7 gene, 
variants. The expanded 
contributing at least f our s pl i ce 
intronic GAA triplet r e p eat in 
affected individuals located downstream of X25 exon 1 , which 
now was reassigned as exon 18 of the STM7 gene. In a ddition, 
their data did not show evidence for a reduction in the level 
the mature rnRNA incorporating exons spanning the repeat motif 
in affected individuals as Campuzano et al. demonstrated 
(Carvajal et al., 1996). Further investigation of the 
expressed STM7 recombinant 
reported 2.7 kb transcript 
protein corresponding to the 
(STM7.1) demonstrated a novel 
phosphatidylinositol-4-phosphate 5-kinase activity (Carvajal 
et al., 1996), implicating the pathogenesis of the disease 
due to the defect in the phosphoinositide r e gulat ed signa ling 
pathways, possibly affecting ve s icular t r a f f icking or 
synaptic transmission (Carvajal et al., 1995; De Cami l l i , e t 
al., 1996) . 
Proposed expansion mechanism: hairpin formation during 
DNA replication 
Biophysical and biochemical studies have shown that GC-
rich triplet repeat sequences [d(CTG)nl d(CAG)n, d(CCG)n, 
d(CGG)n, d(GTC)nl and d(GAC)n], which undergo expansion in 
human genes (Ashley & Warren, 1995) or 
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duplication/recombination i n bacteria l systems (Ohs hima e t 
al., 1996), form stable hairpins (Chen et a l., 1995 i Ga cy et 
al., 1995; Gao et al., 1995; Mariapp an et al. , 1 9 96 ai 
Mariappan et al., 1996b; Mitas et al., 1995a ; Mitas e t a l., 
1995b; Petruska et al., 1996; Smith et al., 1995; Yu et al., 
1997a; Yu et al., 1995a; Yu et al., 1995b) . The ha irpin formed 
by d(CGG)n has t h e additional capability of fold i ng into a 
tetraplex structure (Usdin & Woodford, 1995). Thes e findings 
have led to the conclusion that hairpin (or hairpin-like) 
structures form at the replication fork (Chen et al., 1995; 
Gacy et al., 1995 i Kang et al., 1996 i Mariappan et al., 
1996b; Mitas et al" 1995b; Pearson & Sinden, 1996) 
[presumably at the lagging daughter strand (Kang et al., 
1995)] and playa major role in expansion events. 
Since d(GAA)n repeats, whose expansion is associated with 
Friedreich's ataxia(Campuzano et al . , 199 6 ), seem apparen tly 
incapable of forming hairpin structures s imila r to t h ose 
containing CG-rich triplet repeats, it wa s argu e d (Warren , 
1996) that DNA structures play only a minor (if any) r o l e in 
expansion events and further, that all triplet r e p e at 
sequences [including those containing no seconda r y s truc ture 
(Mitas, 1995)] might be susceptible to expansion. Othe rs have 
argued that there might be two separate mechanisms of 
expanSlon (Timchenko & Caskey, 1996), the fir s t of which 
involves hairpin structures. The second mechanism (McMurray 
et al., 1997) might involve intramolecular triplexes 
(Mariappan et al., 1997; Ohshima et al., 1996a) containing 
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the Friedreich I s ataxia d (GAA) n repeats, opening up the 
possibility that other triplex-forming minis a tellite 
sequences might be susceptible to expansion. However, in 
contrast to these possibilities, a more parsimonious 
explanation is that expansion of a minisatellite sequence 
requires the formation of a unimolecular hairpin (Mitas, 
1997), and the one adopted by Friedreich's ataxia d(GAA)n 
uniquely lacks Watson-crick base pairs. 
Since DNA structure lies at the heart of understanding 
mechanisms of minisatellite expansion, it is important to 
determine whether d (GAA) n is capable of adopting a hairpin 
conformation. Such a hairpin might contain one of three 
types of A·G base pairs that have been observed in crystal 
structures of duplex DNA (Kennard & Hunter, 1989). Each of 
these A.G base pairs [Asyn.Ganti (Brown et al., 1986; Hunter 
et al., 1986), Aanti.Ganti (Brown et al., 1989), and 
A+anti.Gsyn (Prive et al., 1987») contains two H- bonds , one of 
which is adenine N6-guanine 06 (Fig. 1) The l arges t 
distortion of the sugar-phosphate backbone is observed for 
the Aanti.Ganti pairing where the Cl'-Cl' separation increases 
from canonical B-DNA by almost 2A (Kennard & Hunter, 1989). 
To resolve the issue of whether Friedreich's ataxia d(GAA) n 
repeats adopt a hairpin conformation, we investigated the 
structure of d(GAAln by electrophoretic, chemical 
modification, and P1 nuclease digestion techniques. 
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CHAPTER II 
Materials and Methods 
Oligonucleotides 
Oligonucleotides were synthesized by the OSU Re combina nt 
DNA/Protein Resource Facility on an Applied Biosystems 381A 
oligonucleotide synthesizer (Foster City, CA) with the t ri tyl 
group on and purified with oligonucleotide purification 
cartridges (Cruachem, Glasgow, UK) . Sequences of 
oligonucleotides were: 
Oligo (1 ) : AGCTTTGATCA(GAA)15G 
Oligo ( 1 ') : GATC(CTT)lSCTGATCAA 
Oligo ( 2) : AGCTTTGATCA(GAA) (GAT) (GAA) 14GGATC 
Oligo ( 2 ') : GATCC(TTC)14(ATC) (TTC)TGATCAAAGCT 
Oligo ( 3) : AGCTTGTTAACC(GAA}15G 
Oligo (3 ') : GATCC(TTC) 15GGTTAACA. 
Plasmid DNA Preparation 
Five J.Lg of each synthetic oligonucleotide was phosphoryla ted 
with ATP and T4 polynucleotide kinase {Boehringer Mannheim, 
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Indianapolis, IN) in buffer containing 1 rnM DTT, 1 roM ATP, 50 
roM Tris-HCl (pH 7.6), 10 roM MgC12, 0.1 roM spermidine, 0.1 roM 
EDTA and 20 uni ts of T4 polynucleotide kinase (New England 
Biolabs, Beverly, MA) in a final volume of 100 ~l. 
Complementary pairs were combined, heated to 100oC, and allowed 
to cool to room temperature over a period of at least 4 hours 
and ligated into the BamHI and HindIII sites of pBluescr ipt SK+ 
(Stratagene, La Jolla CAl as previously described (Mitas et 
al., 1995 b). Plasmid DNA was transformed into competent XL-
1Blue cells (Stratagene) and purified by cesium chloride 
centrifugation (Sambrook et al., 1989). 
DNA Sequence analysis 
DNA sequence analysis was performed by OSU Recombinant 
DNA/Protein resource facility on an ABI 373 automated 
sequencer with the use of the M13 universal primer. The 
insert of one plasmid arising from ligation of double -
stranded oligonucleotide (1).(1') contained no mutations and 
was named pGAA1. The sequence of another ins ert was 5' 
AAGCTTTGATCA(GAA) (GAT) (GAA) 14GGATCC. The plasmid bearing this 
sequence was named pGAA2. The insert of a plasmid arising 
from ligation of double-stranded oligonucleotide (3)-(3') 
contained no mutations and was named pGAA3. 
Plasmid Labeling 
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Labelings of oligonucleotides liber a ted f r om pGAAl- 3 wer e 
performed with the use of a._ 32p-dCTP, a._32p-dATP (ICN, I rvine, 
CAl and DNA polymerase I Klenow fragment (New England 
Biolabs, Beverly, MA) as previously described (Yu et aI, 
1995). For labeling of the GAA-containing strands, pGAA1 and 
pGAA2 were first cleaved with BamHI, labeled with 32p, and 
then cleaved with HindIII. The sequences of the labele d 
single strands containing GAA repeats derived from pGAA1 and 
pGAA2 are referred to as oligos 1 and 2, respectively, and 
are listed in table 1. Labeling of the GAA-containing strand 
derived from pGAA3 was performed in a similar manner, except 
that HpaI was used in place of HindIII. This labeled strand 
is referred to as oligo 3. For labeling of the TTC-containing 
strands, pGAA1 and pGAA2 were first cleaved with HindIII, 
labeled with 32p as described above, and then cleave d with 
BamHI. The sequences of the labeled single strands containing 
TTC repeats derived from pGAA1 and pGAA2 a r e r eferr ed t o as 
oligos l' and 2', respectively (table 1) . 
Pi nuclease digestion 
Labeled oligonucleotides were separated from labeled 
vector by electrophoresis in a 0.8% agarose gel. 
Oligonucleotides containing triplet repeats were excised from 
gels and purified with glass beads (Mermaid Kit, Bio101, La 
Jolla, CA). 3' end-labeled oligos 1, 2, 2' and 3 {4 x 10 3 
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dpm; 0.7 fmoles) were added to synthetic oligos (1. 4 pmoles ) 
(1), (1') and (3) and placed in a 70°C wa ter bat h for 3 mi n . 
and placed on ice for 5 
performed in 12 ~l of 
min. Pl nucle ase diges tions were 
solution (pH 6.5, 7.5 a n d 8 .5, 
respectively), containing 50 roM sodi um ace t ate, 2 roM ZnS04, 
5% glycerol and various amount of P1 nuclease a t v a rious 
temperatures essentially according to the method of Wohlr ab 
(Wohlrab, 1992) as previously described (Mitas e t al., 
1995b). Various amounts of NaCl were added to differrent 
reactions to get higher Na+ concentrations. The reactions were 
stopped by the addition of 1.3 ~l of 0.5 M EDTA solution. 
Chemical modification with hydroxylamine 
Oligo 2' was labeled as described above for the P1 
nuclease analysis. Hydroxylamine (HA) r eact ions were 
performed essentially according to the me thod of Rubin & 
Schmid (Rubin & Schmid, 1980). Briefly, HA was f r eshly 
prepared by ti trating 4 M hydroxyl amine hydrochlor i d e 
(Aldrich) to the required pH (6. 5 -8.5) with diethylamine 
(Sigma). Seven ~l of labeled oligo 2' (2.0 x 10 4 dpm, -0.7 
fmoles) and 1.4 pmoles of synthetic oligo (3') was heated to 
700C for 3 minutes and immediately placed on ice. Various 
amounts of HA (6-46 ~l) were added to the DNA and incubated 
for 25 min at 37°C. NaCl was added to yield a final 
concentration of 50 mM. The reaction was stopped by the 
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addi tion of a 0.25 m1 stop solution [0. 3 M s odium a c e t ate (pH 
5.2) I 0.1 rnM EDTA, 25 ~g/m1 tRNA] and 0.75 ml cold ethanol. 
The precipitated DNA was resuspended in 100 ~1 1 M piperidi ne 
and heated for 30 min at 92 °C to generate strand brea ks. 
After removal of piperidine in vacuo (x2), the dried DNA was 
resuspended in formamide loading buffer [ 80 % formamide, 10mM 
NaOH , 1mM EDTA, 0.1'% xylene cyanol and 0.1 % bromophe nol 
blue], and loaded on a DNA sequencing gel containing 20 % 
polyacrylamide and 8 M urea. 
Chemical modification with diethylpyrocarbonate 
Oligo 2 and 3 were labeled and prepared as described 
above for the P1 nuclease analysis. Diethyl pyrocarbonate 
reactions were performed essentially according to the method 
of McCarthy et al. (McCarthy et a l. , 1990) . Mod i fica tion 
reactions were performed for different p e riods o f time wi t h 
various amounts of DEPC (2.7-7.1 ~l) in buffer containing 
50mM Na+ cacodylate (pH 7.5), 2 roM EDTA. The reaction was 
stopped by the addition of 50 ~l stop solution [1. 5 M s odi um 
acetate(pH 5.2) ,200 ~g/ml tRNAl and 0.75 rn1 c old ethanol. 
The subsequent procedures were performed as described above 
for the hydroxylamine reaction . 
Chemical modification with dimethyl sulfate 
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Oligo 2 and 3 were labeled and prepared as described 
above for the P1 nuclease analysis. Dimethyl sulfate (DMS) 
reactions were performed at 21 roM with the DNAs at various 
temperatures essentially according to the method of Maxam and 
Gilbert (Maxam & Gilbert, 1980). Briefly, modification 
reactions were performed for different periods of time in 
buffer containing 50roM Na+ cacodylate (pH 7.5), 2 roM EDTA. The 
reaction was stopped by the addition of 15 ~l stop solution 
[1.5 M sodium acetate (pH 7.0), 1.0 M mercaptoethanol, 100 
~g /ml tRNA] and 0.75 ml cold ethanol. The subsequent 




Results a.nd discusion 
To analyze DNA containing d{GAA) and d{TTC) repeats , 
double-stranded (ds) oligonucleotides containing d(GAA)1 5 
were cloned into plasmids as described in materials and 
methods. Oligonucleotides liberated from plasmids were 
utilized for studies since they were unequivocally full-
length. For clarity, the triplet repeats wi thin the ss 
oligonucleotides are indicated in the subsequent text by 
roman numerals. The sequences of the cloned oligonuc l eotides 
are listed in tabl e 1. The GAA repea t-conta ining strands are 
designated as oligos 1, 2, and 3. The TTC r epeat - c ont a ini ng 
complementary strands (of oligos 1, 2 and 3) are des i gn a t ed 
as oligo 1', 2' and 3', respectively. 
Pl nuclease analysis and chemical modification 
indicated that oligo 2' contained no preferred 
secondary structure 
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Preliminary studies conducted in the Mitas lab by B. Mc Ewen 
and M. Chris ,ty showed that oligo 2' contained no pre f e rre d 
secondary structure (data not shown) . 
To further investigate the possibility that oligo 2' 
contained no preferred secondary structure , chemica l 
modification experiments were performed with hydroxylamine 
(HA) , which reacts with cytosines that are not base- paired 
(Johnston, 1992, Johnston & Rich, 1985, Singer & Grunberge r, 
1983). Also, in order to detect regions of oligo 2' that 
were single-stranded, it was incubated with PI, an 
endonuclease that cleaves random bases in ssDNA (Wohlrab, 
1992) . 
Consistent with the electrophoretic data that oligo 2' 
lacked a preferred secondary structure, HA modified all 
cytosines at 37 oC , 50 roM Na+ , pH 7.5 (Fig . 2). Furthermore, 
PI nuclease was able to cleave the phosphodies t er bonds of 
oligo 2' (Fig. 2). However I sequenc e prefere nc es we r e 
detected : the TpT phosphodiester bonds were cl e ave d l ess 
efficiently than CpT or TpC bonds. 
Oligo 3 adopts an asymmetric ha,irpin conformation at 
5 0c 
The electrophoretic analysis performed by B. McEwen and M. 
Christy suggested that oligo 3 contained secondary structure 
(data not shown) . Five potential structures of oligo 3 are 
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shown in figure 3, three of which (structures A, B, D) 
involve folding of the d(GAA) repeat into a hairpin. To 
investigate the possibility that oligo 3 adopted any of the 
five potential conformations, it was incubated with 
diethylpyrocarbonate (DEPC), which preferentially alkylates 
the N7 of adenine residues that are not involved in stacking 
interactions (Krol & Carbon, 1989). At 5 oc , the adenines in 
triplet VIII were extensively modified when incubated with 
DEPC for 30 or 60 min, providing evidence for a hairpin 
conformation. This result suggests that oligo 3 does not 
form structures C or E (Fig. 3), which are arranged in linear 
arrays. The adenines in triplet VII, as well as the adenines 
at nucleotide positions 6 and 9 were also highly susceptible 
to modification. Comparison of the products generated at 60 
and 120 min (5 OC) suggested that extensive modification of 
the adenines in triplets VII and VIII at 60 min appeared to 
be due to hypersensitivity of the respective bases , r a the r 
than protection of the remaining bases. The reas on for l ack 
of modification of triplets VII and VIII at 120 mi n i s n ot 
clear, but suggests that minor experimental perturbations may 
influence detection of the hairpin structure. 
The degree to which the remaining adenines reacted with 
DEPC was dependent upon their location in the hairpin. The 5' 
adenine in a given 5' -GAA-3' triplet was more reactive 
compared to the 3' adenine (Fig. 4). 
At 15-45 °c, the reactivity of the adenines in the central 
portion of the triplet repeat decreased, providing evidence 
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that either the structure of oligo 3 did not contain a loop , 
or alternativ ely, that t he adenines in the loop were not 
hypersensitive to DEPC. Identical results were obtained when 
oligo 3 was incubated with DEPC for times shorter or longer 
than those depicted in figure 4 (data not shown). Howev e r, 
similar to the results obtained at 5°C, the 5' adenine s 
within triplets were more reactive compared to the 
neighboring 3' adenines. This result provides evidence the 
structure of oligo 3 formed at 25-45 °c is similar to the 
hairpin formed at 5°C. 
Pl nuclease cleaves the phosphodiester bonds in the 
central region of the triplet repeat 
To investigate further the structure of oligo 3, i t wa s 
incubated with single-strand-specific Pi nuc l e ase i n v a r i ou s 
reaction coditions. 
At 5 °C (Fig. 5) and 15°C (Fig. 6) , Pi nuclease cl e a v age 
si tes were observed in the middle of the triple t r e p ea t 
region (at the G26pA27, A27pA28 and A28pG29 phosphodiester 
bonds), indicating that oligo 3 folded into a hairpin 
structure at these temperatures. However, the amounts of 
cleavages of these three phosphodiester bonds appeared minor 
compared to the 3'-end of the sequence, providing evidence 
that the nucleotides in the loop were involved in extensive 
stacking interactions. Previous experiments conducted with 
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hairpin structures containing triplet repeats have shown tha t 
the phosphodiester most susceptibl e to cle avage by P1 
nuclease is the one located 3' to the last base pair (Mi tas 
et al., 1995a, Yu et al., 1997a, Yu et al., 1995a , Yu e t a l . , 
1995b) . Therefore, we anticipated that if oligo 3 a dopt ed 
structure A, the major site of P1 nuclease cleava g e would be 
the A49pG50 phosphodiester bond. In contrast, the G50pG51 
phosphodiester would be preferentially cleaved in structures 
B or D. As shown in Fig . 5, two major sites of P1 nuclease 
digestion were detected 3' to the triplet repeat region, both 
of which involved purine dinucleotides (G50pG51 and G51pA52) . 
This result is consistent with structures Band D. Also, the 
observation that P1 nuclease was capable of cleaving the 
purine dinucleotides G50pG51 and G51pA52 rules out the 
possibility that lack of cleavage observed in the triplet 
repeat region was due to purine content. 
At 25°C, P1 nuclease failed to cle ave the phosphodies t e r 
linkages in the triplet repeat region of oligo 3 (with t h e 
exception of minor cleavage in tr i plet XV) (F ig. 5 ). 
Similarly, P1 nuclease also failed to cleave the triplet 
repeat region of oligo 3 at 37°C, but cleave d al l 
phosphodiester linkages 3' to the repeat (Fig . 7) . 
Cleavages of the three central phosphodiesters were also 
observed at 5 °C at pH 6.5 or 8.5 (Fig. 8). The res ult at 
the higher pH provides evidence that the hairpin structure 
does not require protonation of the adenine residues, which 
is necessary for a hairpin containing A+anti .Gsyn base pairs 
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{Prive et al., 1987} or for a he l ical sing le-strand e d 
structure containing al ternating As and Gs (Dolinna y a & 
Fresco, 1992, Mukerj i et al., 1995, Shiber et a l. I 1995). 
At 5°C, 150 mM Na+, pH 7.5, the si tes of Pi nuclease 
cleavage were similar to those gener ated in 50 roM Na +, with 
the exception that the cleavage at the A28pG29 phosphodiester 
was more pronounced (Fig. 9). For oligo 2, the cleavage 
patterns were also essentially the same at 37°C with various 
amount of Na+ (Fig. 10) . The resul ts of Pi nuclea se 
digestion studies provide evidence that the structure of 
d(GAA)n is relatively stable in low and moderate salt, 
neutral pH, but is sensitive to heat. These properties are 
consistent with a nucleic acid structure that is primarily 
stabilized by H-bonds. 
The hairpin structure of oligo 3 does not contain 
Gsyn.Ganti base pairs 
The pattern of Pi nuclease cleavage a t 5 °c i s mo s t 
consistent with hairpin structures Band D. Th e D hai rpin 
base pairs I whereas the B ha irpin 
can be ruled out for "the reasons described above) . Due to 
the presence of Gsyn.Ganti pairs, a guanine in the stem region 
of a D hairpin is expected to be at least partially resistant 
to modification by dimethyl sulfate (DMS). In contrast, the 
guanines in the stem region of a D hairpin (all of which are 
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predicted to be in the anti conf orma tion ) will not be 
resistant to modification by DMS. Therefore , the use o f DMS 
can theoretically differentiate between hairpins in B and D 
alignments. In 50 roM Na+ at 25°C (Fig. 5) or 5 °C (Fig. 9), 
all guanines in oligo 3 uniformly reacted with DMS, providing 
evidence that this sequence lacked Gsyn.Ganti pairs. Similar 
results were also observed in oligo 2 (Fig. 11). Hence, we 
conclude that oligo 3 adopts a hairpin in the B alignment. 
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Discussion 
Previous studies have shown that d(GA}n adopts a variety of 
structural conformations, including a hairpin dup l ex 
(Casasnovas et al., 1993, Huertas et al., 1993, Shiber et 
al. / 1996), a two-hairpin tetraplex (Shiber et al.I 1996 1 
Mukerji et al., 1996)1 parallel-stranded duplexes (Rippe et 
al., 1992, Robinson et al., 1994, Dolinnaya et al., 1997) and 
a novel type of single-standed helix (Dolinnaya et al., 1993 1 
Dolinnaya & Fresco l 1992, Shiber et al., 1995, Mukerji e t 
al., 1995). The structure adopted by d(GA)n is dependent upon 
DNA concentration, nucleotide length, temperature, monovalent 
cation concentration and pH. At low strand concentration 
(6x10- 4 roM), neutral pH, low temperature (5-15 OC) and 
physiologic salt concentration (150 roM Na+), d(GA)10 a dopts a 
hairpin conformation as evidenced by r elat ively r apid 
electrophoretic mobility and cleavage in the c en tral por t i on 
of the sequence by Sl nuclease (Shiber et al., 1996). The 
base pairing arrangement of the hairpin structure is not 
known. Increasing the length of d(GA)n from n =10 to n =20 
results in formation of a parallel-stranded duplex s tructure 
that at neutral pH and moderate salt, contains A-A and G-G 
base pairs (Dolinnaya et al., 1997). The Tm of the 
d ( GA) 20 - d ( GA) 20 dupl ex in O. 21 M Na + (pH 7. 5) is 43. 3 °C 
(Dolinnaya et al., 1997). 
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Similar to the results obtaine d by Fresco a nd col l e agues 
(Shiber et al., 1996), we have provided evidence that a t 5 0 C, 
pH 7.5, 50-150 roM NaCl, d(GAA)15 (contained within ol i go 3 ) , 
adopts a hairpin conformation. Data supporting a hai rpin 
conformation were increased electrophoretic mobility .of oligo 
3 (data not shown), P1 nuclease digestion of three 
phosphodiester linkages 1n the presumed hairpin loop r e gion 
(Fig. 5), and hypersensitivity of the adenines in triplets 
VII and VIII to modification by DEPC (Fig. 4). An estimate 
of the Trn of oligo 3 from electrophoretic data was 50°C (data 
not shown), providing evidence that the structure adopted by 
this sequence is more stable than either the d(GA)10 hairpin 
or the d(GA)20·d(GA)20 parallel-stranded duplex. 
In contrast to the adenine residues, the guanines in the 
loop region were not hypersensitive to chemical modification 
at 5 °C (Fig. 9). Thus , we are fairly conf ident tha t t h e 
d(GAA)15 hairpin does not contain Gs yn.Gan t i pai r s . On the 
basis of this result and the P1 nuclease cleavage p a ttern a t 
the 3'-end of the ol i go 3 (Fig. 5) and oligo 2 (Fig. 10), we 
have tentatively assigned a base-pairing arrange ment of the 
antiparallel strands in the d(GAA)15 hairpin such that a 5'-
GAA-3' repeat on the 5'-side is paired to a 5'-AGA-3' repeat 
on the 3' side (ie., a hairpin containing A·G and A-A pairs 
in a 2: 1 ratio) . 
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The d(GAA)n hairpin may contain AaDti.G&Dti base pairs 
In the 5 ' -half of the hai rpin structure, the 3 ' adenines of 
a 5 1 -GAA-3 1 repeat (which are predicted to be par t of an A-A 
pair) were relatively resistant to modification by DEPC (Fig. 
4). This result suggests that the putative A-A pairs within 
the hairpin stem were well stacked in the helix and that one 
of the two N7 atoms within a pair might be involved in H- bond 
formation (ie . , the one on the 5 1 -side of the hairpin). In 
contrast, the 51 adenines (which are predicted to be part of 
an A-G pair) of a 5 1 -GAA-3 1 repeat were highly susceptible to 
DEPC modification. Since this result is not consistent with 
an A·G base pair in which the adenine N7 is in the syn 
conformation, we suspect that the conformation adopted by the 
pair is Aanti·Ganti. 
The structure formed by oligo 3 at physio l ogic t emperatu re 
is not known . The EMMP data obtained by B . Mc Ewe n and M. 
Christy indicated that oligo 3 did not unde rgo a structural 
transition between 3 and 41 DC (data not s hown), prov idi ng 
evidence that only one conformation was adopt ed over t hi s 
temperature range. In addition, the patterns of PI nuclease 
cleavages at the 3' end of oligo 3 at 5 DC (Fig. 5) and 37 DC 
(Fig. 7) were essentially identical and cons iste nt with a 
hairpin conformation. However, at physiologic temperature, we 
could not obtain evidence by Pl nuclease digestion analysis 
or by chemical modification that a loop was present in the 
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middle of d(GAA)lS. A possible explanation for this result is 
that the bases in the loop region form a well stacked 
structure at 37°C. In support of this possibility, studies 
have shown that GdAGA COrita et al., 1996), d(GAAA) (Heus & 
Pardi, 1991) or d(GNA) (Yoshizawa et al., 1997) loops 
contained in hairpin structures are stabilized by extensive 
stacking interactions. Another possible explanation is that 
at 37°C, oligo 3 forms a stable intramolecular structure that 
is not a hairpin. 
Hairpin structure of d(GAA)n: implications regarding 
potential mechanisms of minisatellite expansion 
In this report we have provided evidence that similar to 
other triplet repeats associated with human dis e a se, d(GAA)n 
is capable of adopting a hairpin structure in vi tro . This 
finding has several important implications regarding 
potential mechanisms of minisatellite expansion. First, i t 
suggests that hairpin or hairpin-like structures are required 
for expansion events. Hairpins may play an indirect role by 
preventing translocation of DNA helicases, which maintain 
their polarity at the replication fork by binding to both ss-
and dsDNA [reviewed in Lohman & Bjornson, (1996)]. It is 
well documented that blocks to DNA replication, which are 
frequently caused by palindromic sequences that form hairpin 
or cruciform structures, lead to deletions, translocations, 
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insertions, duplications or rearrangements of DNA [reviewed 
by Bierne & Michel (1994), but see also Gordenin et al., 
(1993)]. Alternatively (but not necessarily mutually 
exclusive), hairpin structures could playa direct role in 
the expansion process by facilitating DNA slippage during 
lagging strand synthesis. The 3 I - and 5 I -ends of the 
resultant hairpin would be in close proximity to one another, 
an arrangement that is mirrored in intramolecular tetraplex, 
but not triplex, structures. This arrangement would be 
amenable to subsequent ligation of the 5 ' -end of the hairpin 
to a newly synthesized Okazaki fragment, resulting in the 
creation of complementary strands of DNA of unequal length. 
Second, hairpins, hairpin-like structures, or the DNA strands 
complementary to these structures may be targeted by 
structure-specific repair enzymes, similar to those involved 
in hairpin-mediated V(D)J cleavage and recombination (Hiom & 
Gellert, 1997, McBlane et al., 1995). The repair of other 
DNA structures such as triplexes, which have b ee n 
convincingly shown to block DNA replication in vi tro 
(Krasilnikov et al., 1997) and in vivo, (Baran et al., 1987, 
Rao, 1994) would likely require a different set of repair 
enzymes. 
FENl, a mammalian homologue of RAD27 endonucleas e in 
yeast, was found able to remove a 5' flap generated by 
displacement synthesis while DNA polymerase encounters the 5' 
end of a downstream Okazaki fragment (Bambara et al., 1997, 
Lieber M. R., 1997). When a 5' flap generated, the FENI 
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endonuclease is loaded at the 5' end of the flap similar to a 
bead with a fine bore stringing up a thread and slides down 
to the base of the flap I then remove the flap. In vi tro 
studies showed that FEN1 endonuclease can only act on single-
stranded DNA f and a partially double-stranded flap would 
block FEN1 fuction (Bambara et al. f 1997, Lieber M. R. f 
1997). Recently, a model proposed by Gordenin et al (1997) 
illstrated that the formation of FEN1-resistant secondary 
structures, like a hairpin or a triplex, at a 5' flap 
generated by displacement synthesis during DNA replication of 
the lagging strand would resul t in expansion. Hairpin 
structures and/or other kind of secondary structures adopted 
by d(GAA)15 at 50C and/or higher temperatures implicate the 
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Table 1. Sequences of oligonucleotides described in text 
A. Oligonucleotides derived from plasmid 
Name Sequence 
nucleotides 
oligo 1 AGCTTTGATCA(GAA}lS~~ 
oligo 2 AGCTTTGATCA(GAA) (GAT) (GAA) 14GGh~ 
oligo 3 AACC (GAA) ls~TS 
oligo l' GATCC(TTC)lSTGATC~~T 
oligo 2' GATCC(TTC) 14 (ATC) {TTC)TGATC~~T 
oligo 3' GATCC(TTC)lSGGTT 
B. Unlabeled synthetic oligonucleotides 
oligo (1) AGCTTTGATCA{GAA)lSG 
oligo (1') GATCC{TTC)lSTGATCAA 













Sequences of the oligonucleotides are written 5'~ 3'. 
Underlined nucleotides in oligonucleotides derived from 
plasmids are those added by Klenow enzyme. Nucleotides 
doubly underlined contain a 5' 32p label. 
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Figure 1. Three types of A·G base pairs that have been 
observed in crystal structures of duplex DNA 
(Kennard & Hunter, 1989). 
Each of these A·G base pairs [Asyn.Ganti (Brown et 
al., 1986; Hunter et al., 1986), Aanti .Ganti (Brown et al., 
1989), and A+anti.Gs yn {Prive e t al., 1987}] contains t wo H-
















Figure 2. Chemical modification and PI nuclease analysis of 
oligo 2'. 
Oligo 2', the complete sequence of which is shown 
to the left of the figure, was isolated from plasmid pGAA2 
and incubated with 4.3 M hydroxylamine (left lane) and 0.1 
units of PI nuclease (right lane) for 25 min as described in 
materials and methods. Roman numerals correspond to triplet 
repeats. Arabic numerals indicate the position of a 
nucleot ide with r espect to t he 5 ' - end. Samples we r e applied 
to a DNA sequenc i ng ge l c onta ining 8 M urea and 20 % 
polya crylamide . Bands in the control lane corr espond t o 
depurination products . Arrows on right indicate posi tions of 
PI nuclease cleavage sites of selected sequences. 
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Figure 3. Potential structures adopted by oligo 3. 
Five potential structures of oligo 3 are shown. 
Structures A, B, and D are various hairpin alignments 
containing A-G (thick lines), A-A (thin lines), or G-G (open 
ovals) base-pairs. C is a linear 
primarily by stacking interactions. 
structure stabilized 
The t riplet r epeat 
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Figure 4. Diethylpyrocarbonate modification of oligo 3. 
Oligo 3, the complete sequence of which is shown on 
the left, was isolated from plasmid pGAA3 and incubated with 
0.46 M diethylpyrocarbonate at the indicated temperatures as 
described in materials and methods. Arrows point to adenines 
that were extensively modified by DEPC at 5 °c. A hairpin 
structure that is consistent with the modification data is 
shown to the l ef t. Lines between base s indica te forma tion of 
presumed H-bonds. Roman numerals c orres pond to triple t 
repeats. Arabic numerals i ndicate the position of a 
nucleotide with respect to the 5 ' - end. Arrows indicate 
adenine residues preferentially modified at 5°C. 
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Figure 5. P1 nuclease digestion analysis of oligo 3 at 50 roM 
Na+ and various temperature. 
Oligo 3, the complete sequence of which is shown on 
the left, was isolated from plasmid pGAA3 and incubated with 
P1 nuclease. Samples were applied to a DNA sequencing gel 
containing 8 M urea and 20% polyacrylamide . P1 nuclease 
digestion in 50 roM Na+. Reactions were performed at the 
indicated temperature in 50 mM NaCl, pH 7.5. From left to 
right, the amount of P1 nuclease (and time of incubation) 
added i n each react ion we r e , 9x10 - 2 U (10 min), 2.2x10 -2 U (5 
min); 2. 8x10 - 3 U (5 min) I a nd 2. 8x10 - 3 U (5 min). Dimethyl 
sulfate (21 roM) modification was performed at 25 °C in 50 mM 
NaCl a s d e scribed in materials and methods. A hairpin 
structure that is consistent with the P1 nuclease data at 5 °C 
is shown to the left. 
cleaved by P1 nuclease. 
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Figure 6. Pi nuclease digestion analysis of oligo 3 at 50 mM 
Na+, 15 °e. 
Oligo 3, the complete sequence of which is shown on 
the left, was isolated from plasmid pGAA3 and incubated with 
Pi nuclease. 
con taining 8 
Samples 
M urea 
were applied to a DNA sequencing gel 
and 20% polyacrylamide. Pi nuclease 
digestion in 50 mM Na+. Reactions were performed at 15 °C, 50 
mM NaCl, pH 7.5. From left to right, the amount of P1 
nucl eas e a dded i n each reaction were , 1.lxlO- 2 U, 4. 4x l 0- 2 U 
and 8. 8xlO - 2 U. The time of incubation wa s 6 min. Dime thyl 
sulfate (2 1 mM) modificat i on was p e rformed at 5 °c in 50 mM 
NaCl. A hairpin structure that is consistent with the Pi 
nuclease data at 15 °C is shown to the left. Arrows indicate 
phosphodiester bonds cleaved by Pi nuclease. 
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Figure 7. Pi nuclease digestion analysis of oligo 3 at 37°C 
50mM Na+ . 
Oligo 3, the complete sequence of which is shown on 
the left, was isolated from plasmid pGAA3 and incubated with 
Pl nuclease. Samples were applied to a DNA sequencing gel 
containing 8 M urea and 20% polyacrylamide. Reactions were 
performed at pH 7.5 ,37°C. The amount of Pl nuclease added 
from l ef t t o r igh t we r e I 1.ixiO- 2 U I 2. 2xlO - 2 U and 5 . OxiO- 2 
U. The c on trol lane con tained no Pl nuclease. The t i me o f 
incuba t i on was 6 mi n. Dimethyl sulfate (21 roM) modif i cation 
was performed at 25 ° C in 50 roM NaCl. Arrows indicate 
p hosphodiester bonds cleaved by Pl nuclease. 
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Figure 8. Pl nuclease digestion analysis of oligo 3 at 50 mM 
Na+ ,5°C and different pH. 
P1 nuclease digestion in 50 mM Na+. Reactions were 
performed at the indicated pH in 50 roM NaCl, 5°C. The amount 
of PI nuclease (and time of incubation) added in each 
reaction were, 2. 2x10- 2 U (15 min), 4. 4x10-2 U (15 min) and 
8 _ 8x10-3 U (7 _ 5 min ) _ Di me thyl s ul fa t e (2 1 rnM) mo d ification 
was p e r formed a t 5 °C in 50 roM NaCl as described in ma t e ria l s 
and me thods . A hairpin struc ture t hat is consistent with the 
P1 nuclease data is s hown to the l e ft. Arrows indicate 
phosphodies t e r bonds cleaved by P1 nuclease. 
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Figure 9. P1 nuclease digestion analysis of oligo 3 at 150 mM 
Na+ ,5°C. 
P1 nuclease digestion in 150 mM Na+. Reactions were 
performed at the indicated pH in 150 roM NaCl, pH 7.5, 5°C. 
The amount of P1 nuclease added was 0.1 U. The time of 
inc uba t i on was 2 0 min. Dimethyl s ulfa t e (21 mM) modific a t i o n 
wa s performe d at 5 °C in 50 roM NaCl as des cribed in materials 
and methods . A ha i rpin s t ructure that is c onsistent wi th the 
P1 nuclease da t a is shown to the left. Arrows indicate 
phosphodiester bonds cleaved by P1 nuclease. 
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Figure 10. PI nuclease digestion analysis of oligo 2 at 37°C 
and various amounts of Na+ concentrations. 
Oligo 2, the complete sequence of which is shown on 
the left, was isolated from plasmid pGAA2 and incubated with 
various amounts of PI nuclease at 37°C in various amount of 
NaCl, pH 7.5. In each set of reaction, the amounts of PI 
nuclease added from left to right were 0.013, 0.025, 0.05, 
and 0.10 units. The control lane contained no PI nuclease. 
The positions of the guanine nucleotides in the control lane. 
which arose from minor depurination, are s hown. Samples were 
applied to a DNA sequencing gel containing 8 M urea and 20% 
polyacrylamide. Roman numerals correspond to triplet 
repeats. Arabic numerals indicate the position of a 
nucleotide with respect to the 5 ' -end. Arrows indicate 

































































































Figure 11. Dimethyl sulfate modification of oligo 2 . 
Oligo 2, the complete sequence of which is shown 
on the right, was isolated from plasmid pGAA2 and incubated 
with 21 rnM dimethyl sulfate at room temperature, pH 7.5, at 
t h e i ndicated salt concentration as descr i b e d in material s 
and me thods . Lines indica t e posi tions of guanine bases . 
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